Human intestinal spirochetosis (HIS) is associated with overgrowth of the large intestine by spirochetes of the genus Brachyspira. The microbiological diagnosis of HIS is hampered by the fastidious nature and slow growth of Brachyspira spp. In clinical practice, HIS is diagnosed histopathologically, and a significant portion of cases may be missed. Fluorescence in situ hybridization (FISH) is a molecular method that allows the visualization and identification of single bacteria within tissue sections. In this study, we analyzed intestinal biopsy samples from five patients with possible HIS. All specimens yielded positive results by histopathological techniques. PCR amplification and sequencing of the 16S rRNA gene were performed. Sequences of two isolates clustered in the group of Brachyspira aalborgi, whereas in three cases, the sequences were highly similar to that of Brachyspira pilosicoli. Three phylotypes showed mismatches at distinct nucleotide positions with Brachyspira sp. sequences published previously. In addition, culture for Brachyspira was successful in three cases. On the basis of these data, we designed and evaluated a Brachyspira genus-specific 16S rRNA-directed FISH probe that detects all of the Brachyspira spp. published to date. FISH of biopsy samples resulted in strong, unequivocal signals of brush-like formations at the crypt surfaces. This technique allowed simultaneous visualization of single spirochetes and their identification as Brachyspira spp. In conclusion, FISH provides a fast and accurate technique for the visualization and identification of intestinal spirochetes in tissue sections. It therefore represents a valuable tool for routine diagnosis of HIS.
Human intestinal spirochetosis (HIS) is a histologically defined condition of the human distal intestinal tract characterized by helical microorganisms attached at one end to the surface epithelium of the colonic mucosa. This association forms a so-called "false brush border" (13) . While certain Brachyspira spp. are recognized as the causative agents of swine dysentery and porcine intestinal spirochetosis (3, 11) , their clinical significance and pathogenic potential for humans remain unclear. Various studies have reported on the association of these bacteria with intestinal disorders such as chronic watery diarrhea (8, 12) and on clinical improvement following antimicrobial therapy (29) . In contrast, others have suggested that intestinal spirochetes are harmless commensals in humans (7) . The prevalence of HIS ranges from 1.2% (23) to Ͼ40% (17, 34) , depending on presumable patient risk factors, such as origin from developing countries, immunodeficiency, or homosexuality. Recently, Peruzzi et al. (30) discovered a prevalence of 12% in a selected population, indicating that HIS is an important differential diagnosis for patients with chronic gastrointestinal disorders and risk factors.
Two intestinal spirochetes have been identified in humans so far: Brachyspira aalborgi (15) and Brachyspira pilosicoli (36) . Both species require selective media, and B. aalborgi is an extremely slow growing, fastidious microorganism that requires anaerobic incubation for as long as 4 weeks (4, 34) . For this reason, HIS is primarily diagnosed histopathologically. The fuzzy basophilic fringe, 4 to 7 m thick, on the epithelial layer of the colonic mucosa is visible in hematoxylin-and-eosin (HE)-stained histological sections and is considered pathognomonic for HIS. Tissue morphology usually remains unaltered, and no inflammatory reaction is observed (20) .
However, diagnosis of HIS on the basis of HE staining requires experienced laboratory personnel and accurate interpretation, and silver staining is often needed to confirm the diagnosis (10) . Therefore, a significant portion of cases may be missed, especially since B. pilosicoli might also colonize the epithelium without the characteristic end-on attachment, impeding identification by light microscopy at low magnification (24) . Furthermore, histopathology does not provide information about the identity of the microorganisms, thereby precluding epidemiological studies. More importantly, the inability to identify the organism also hampers accurate therapy, since the intestinal spirochetes are suspected to differ in virulence, and therefore some cases of HIS may require antibiotic therapy more urgently than others (5, 29) .
The genus Brachyspira currently comprises seven established species and several proposed species. Among some Brachyspira species, the high level of 16S rRNA gene conservation precludes interspecies differentiation by 16S rRNA gene methods and necessitates further molecular analyses. However, all known species isolated from humans can be identified and differentiated via their 16S rRNA genes. In line with the genetic variation discovered in Brachyspira species, such as Brachyspira hyodysenteriae (2) and Brachyspira innocens (9) , recent molecular studies have also identified human Brachyspira strains genetically distinct from B. aalborgi and B. pilosicoli. This heterogeneity was confirmed by sequencing of 16S rRNA (14, 21) or NADH oxidase (25) a Given as the organism identified, the percentage of homology with the closest match in EMBL/GenBank, the accession number of the closest match (the length of the sequence, the number of mismatches ͓MM͔). FISH is a microscopic method that allows simultaneous visualization and identification of microorganisms. Jensen and colleagues (3, 16, 17) designed several genus-or species-specific oligonucleotide probes targeting the 16S or 23S rRNA of Brachyspira spp. and applied them successfully to porcine and human intestinal biopsy specimens. However, no genus-specific 16S rRNA-directed probe for diagnostic use targeting all Brachyspira spp. known so far has been developed.
In the present study, intestinal biopsy specimens from five patients with possible HIS were analyzed histopathologically and by culture, FISH, PCR amplification, and 16S rRNA gene sequencing. Biopsy specimens from a healthy control group were analyzed retrospectively by histopathology and FISH. The purpose was (i) to acquire further information about the phylogenetic structure of the Brachyspira spp. associated with HIS, (ii) to design a FISH probe covering all Brachyspira spp. based on the currently available sequence data, and (iii) to evaluate FISH as a fast and robust diagnostic screening tool for HIS.
MATERIALS AND METHODS
Patients. Five patients (HIS1 to HIS5), four men and one woman (ages, 37 to 84 years), were included in this study. These patients suffered from chronic intestinal disorders of unknown etiology. Intestinal biopsies were performed for further differential diagnosis including HIS ( Table 1 ). The patients had been admitted to four different German hospitals: HIS1 to the University Hospital Hamburg-Eppendorf, HIS2 to the Königin Elisabeth Herzberge Hospital Berlin, HIS3 and HIS5 to the Charité University Hospital, Campus Benjamin Franklin, and HIS4 to the Hospital Augsburg. All patients underwent colonoscopies; four biopsy specimens were obtained from the colon, and one biopsy specimen each was obtained from the ileum and the sigmoid. Clinical development and response to treatment were followed up. Additional intestinal biopsy specimens were collected from patients HIS1, HIS3, and HIS5, who underwent control colonoscopies after the cessation of treatment. Risk factors for HIS (immunosuppression, homosexuality, and contact with animals) were assessed for all patients.
To provide negative controls for the biopsy specimens, seven biopsy samples from healthy patients (four females, 56 to 68 years old, and three males, 63 to 65 on September 12, 2017 by guest http://jcm.asm.org/ years old) screened for colorectal cancer at Charité University Hospital, Campus Benjamin Franklin, were included in the study. These samples were found to be normal by histopathology and to be HIS negative by FISH with EUB338 and BRACHY. Culture. Biopsy samples were plated onto brain heart infusion agar supplemented with 10% bovine blood, 400 g spectinomycin ml Ϫ1 , 25 g colistin ml Ϫ1 , and 12.5 g rifampin (rifampicin) ml Ϫ1 (4). Plates were incubated at 37°C in anaerobic jars under an atmosphere of 80% N 2 -10% H 2 -10% CO 2 for 6 weeks.
Histopathological diagnosis. Intestinal biopsy samples were fixed in formalin, embedded in paraffin wax, sectioned (thickness, 4 m), and stained with HE. The appearance of the typical hematoxyphilic fringe on the brush border of the surface epithelium under light microscopy, confirmed by Warthin-Starry silver staining, was classified as "HIS positive".
Specimen processing for FISH. Biopsy samples were fixed in 3.7% (vol/vol) formaldehyde in phosphate-buffered saline (pH 7.4) containing 50% (vol/vol) ethanol and were stored at 4°C for 24 h. The embedding procedure using cold polymerizing resin and the sectioning technique were performed as described elsewhere (26) . For FISH, a prewarmed hybridization solution (20 l) containing 0.9 M NaCl, 20 mM Tris HCl (pH 7.3), and 0.01% sodium dodecyl sulfate was mixed with 20 pmol of the respective oligonucleotide probe and carefully applied to the tissue sections. Probes were synthesized commercially and 5Ј end labeled with a fluorochrome, either Cy3 (indocarbocyanine) or Cy5 (indodicarbocyanine) (both from Biomers, Ulm, Germany). After incubation in a dark humid chamber at 50°C for 2 h, slides were rinsed with sterile double-distilled water, air dried, and mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) containing DAPI (4Ј,6-diamidino-2-phenylindole). For microscopy, an epifluorescence microscope (Axioplan 2; Carl Zeiss, Jena, Germany) equipped with narrow band filter sets (AHF Analysentechnik, Tübingen, Germany) was used.
Oligonucleotide probes. The 16S rRNA-directed bacterial probe EUB338 (5Ј-GCTGCCTCCCGTAGGAGT-3Ј) (1) and the nonspecific nucleic acid stain DAPI were used to screen for bacterial colonization. To selectively identify intestinal spirochetes, we designed a 16S rRNA-directed FISH probe named BRACHY (5Ј-ATTAGTCCATGTTTCCAT-3Ј; corresponding to Escherichia coli positions 153 to 170) (6) that is specific for Brachyspira spp. The probe was evaluated by comparison to all available sequences in the EMBL and GenBank databases. A clinical isolate of B. pilosicoli and the nearest phylogenetic neighbors at the probe binding site, Enterococcus faecium (ATCC 19434) and Spirochaeta halophila (DSM 10522), with two mismatches each, were used as positive and negative controls, respectively, and were included throughout the study. Furthermore, the probe was tested against other cultivable spirochetes, i.e., Borrelia garinii (tick isolate; R. Ackermann, University Hospital of Cologne, Cologne, Germany), the oral treponeme Treponema denticola (ATCC 33521), and Leptospira biflexa and Leptospira interrogans (provided by V. Sambri, Section of Microbiology, St. Orsola Hospital, University of Bologna, Bologna, Italy). The identities of all strains were confirmed by PCR and 16S rRNA gene sequencing. Bacterial strains for positive and negative controls were fixed as described elsewhere (27) .
DNA extraction. For DNA extraction, a commercially available respiratory specimen preparation kit (Amplicor; Roche Molecular Systems Inc., Branchburg, NJ) was used on the isolates (for HIS3, HIS4, and HIS5) or on 20 sections from Technovit-embedded biopsy samples (HIS1 and HIS2) as recommended by the manufacturer.
PCR amplification and sequencing. The 16S rRNA gene was amplified using bacterial primers TPU1 (AGA GTT TGA TCM TGG CTC AG; corresponding to Escherichia coli positions 8 to 27) and RTU8 (AAG GAG GTG ATC CAK CCR CA; corresponding to E. coli positions 1541 to 1522) (38) .
Amplicons were analyzed in an automated capillary DNA sequencer (CEQ 8000, Beckman Coulter, Krefeld, Germany). The sequences obtained were compared with currently available data from the public databases (EMBL and GenBank) using BLAST and FASTA in the sequence analysis program Husar, version 4.1. (Deutsches Krebsforschungszentrum, Heidelberg, Germany).
Phylogenetic analysis. The 16S rRNA gene sequences obtained from the biopsy specimens were aligned and compared with previously published Brachyspira sp. sequences available from GenBank by using Husar, version 4.1. The type strains of B. aalborgi, B. pilosicoli, B. innocens, Brachyspira murdochii, Brachyspira intermedia, B. hyodysenteriae, Brachyspira alvinipulli, and "Brachyspira canis," as well as 28 other B. aalborgi, B. pilosicoli, "Brachyspira ibaraki," and "Brachyspira suanatina" strains (Table 2) , were included. A neighbor-joining phylogenetic tree (32) was constructed using PAUP, version 4.1b, on the basis of a distance matrix corrected by the two-parameter model of Kimura (19) .
Nucleotide sequence accession numbers. Five almost complete 16S rRNA gene sequences obtained from the tissue isolates were submitted to the EMBL database with the accession numbers listed in Table 2 .
RESULTS
Response to treatment and follow-up. Two patients had no known risk factors for HIS, whereas patient HIS4 was homosexual, and patients HIS3 and HIS5 were infected with human immunodeficiency virus (HIV). Four patients were treated with metronidazole. Upon therapy, the diarrhea of patients HIS3 and HIS4 resolved, while patients HIS1 and HIS5 showed partial improvement of symptoms. Patient HIS2 improved without treatment.
Histopathological findings. In all cases, the typical hematoxyphilic band on the brush border of the epithelial layer of the mucosa could be detected in HE-stained sections (Fig. 1) . In addition, the tissue sections of patient HIS2 showed signs of chronic ulcerative colitis.
For patients HIS1, HIS3, and HIS5, biopsy samples from control colonoscopies were available for histological follow-up. In the follow-up biopsy samples of patients HIS1 and HIS3, minimal residual spirochetosis was suspected on the basis of the Warthin-Starry silver staining results, whereas patient HIS5 was completely negative.
Biopsy specimens from the control group were HIS negative (Fig. 1) .
Culture. After 6 weeks of anaerobic incubation, a thin haze of pinpoint-like colonies was observed on agar plates inoculated with biopsy material from patients HIS3, HIS4, and HIS5. Single colonies with motile spirochetes as verified by dark-field microscopy were subcultured. The identities of the strains were confirmed by PCR and 16S rRNA gene sequencing, showing the highest homology with the B. pilosicoli type strain P43 (U14927).
Cultures of the control biopsy samples of patients HIS1 and HIS5 that were collected after treatment remained negative for Brachyspira spp. For patients HIS1 and HIS2, no bacterial isolates could be obtained, because we received only formalinfixed specimens.
FISH. The oligonucleotide probe BRACHY, specific for the genus Brachyspira, was designed and evaluated prior to application to tissue sections. Compared to all sequences from EMBL and GenBank available as of January 2007, probe BRACHY showed 100% homology solely with the Brachyspira sp. 16S rRNA gene. Stringent hybridization conditions were adjusted using B. pilosicoli as a positive control and E. faecium and S. halophila as negative controls, with two mismatches each to the probe sequence. All other cultivable spirochetes investigated yielded no signal with this probe (Fig. 2) .
Tissue sections from all five patients showed positive signals after hybridization with both probes BRACHY and EUB338. At low magnification (ϫ100), this positive reaction could be easily visualized as a conspicuous bright fringe coating the surface epithelium (Fig. 3A) . Higher magnification (ϫ1,000) revealed densely packed spirochetes attached at one end to the mucosa (Fig. 3B) . In addition to the usual helical shape, mi- croorganisms with different morphologies were detected, yielding positive signals with both EUB338 and BRACHY (Fig. 4) . No spirochetes could be detected in control biopsy samples collected from patients HIS1, HIS3, and HIS5 after treatment. The absence of a positive reaction with BRACHY was confirmed by the lack of detection of spirochetal morphotypes with EUB338 or DAPI, both at low and at high magnification. However, in the samples from patient HIS1, various rods and cocci in the intestinal lumen stained positive with EUB338 and DAPI.
No spirochetes were detected in the biopsy specimens from the control group (Fig. 3C and D) .
PCR and analysis of sequence data. For all five HIS cases, almost complete sequences of the 16S rRNA gene, ranging from 1,299 to 1,436 bp, were obtained. In comparison with currently available data from EMBL and GenBank, the sequences had the highest homology to previously published Brachyspira spp. Sequences from patients HIS1 and HIS2 could be identified as B. aalborgi; the HIS1 sequence yielded 99.8% homology with the sequence of accession number AF200693, and the HIS2 sequence was identical with the AF200693 sequence (22) . Sequences from patients HIS3, HIS4, and HIS5 showed 99.4%, 99.5%, and 99.4% homology with the B. pilosicoli type strain, P43 (U14927), differing in seven, seven, and eight nucleotide positions, respectively. Although these three isolates were from different patients living in two geographically distant towns in Germany, they were closely related, exhibiting only three to five nucleotide mismatches. At three nucleotide positions at the end of the 16S rRNA gene, the isolates were identical to each other but different from B. pilosicoli P43 T . Accordingly, the HIS1 and HIS2 sequences clustered in the B. aalborgi group of a phylogenetic tree based on an alignment comprising 1,264 nucleotide positions (Fig. 5) . Sequences HIS1 and HIS2 clustered together close to the B. aalborgi type strain, 513A (accession number Z22781), and were included in cluster 1 of the three phylogenetic clusters defined by Pettersson et al. (31) . The HIS3, HIS4, and HIS5 sequences fell into the B. pilosicoli lineage. They formed a separate branch within this group, although a bootstrap percentage of 63% indicated only moderate stability for the branching of this node.
DISCUSSION
The clinical relevance of intestinal spirochetes for humans is still unresolved (37) . Here we present data from five patients with possible HIS, suffering from symptoms of chronic intestinal disorders. After confirmation of the diagnosis, four patients underwent antimicrobial chemotherapy, resulting in clinical improvement and significant reductions in the numbers of spirochetes in control biopsy samples. The parallel course of positive FISH signals for symptomatic patients strongly suggests that the intestinal spirochetes were potentially pathogenic and may have been the causative agent of the intestinal disorders of our patients. This conclusion conflicts with reports of healthy patients with histologically diagnosed HIS (28, 31).
FIG. 4. Identification of different
Brachyspira morphologies by FISH with BRACHY. A section of a colon biopsy specimen from patient HIS4 was hybridized with BRACHY Cy3 (orange) and stained with DAPI (blue). In addition to the typical presentation of spirochetes in a helical shape, attached by one end to the surface epithelium, microorganisms with different morphologies can be visualized. Yielding a positive signal with BRACHY Cy3 , these microorganisms are identified as Brachyspira spp., as shown in the black-and-white image (inset) that was taken with the Cy3 filter set only.
The discrepancy might be explained by differences in virulence between and within Brachyspira spp., as well as by differences in the immune status of the patients, since HIV infection is a well-described risk factor for HIS. Brooke et al. (5) have suggested that B. aalborgi may be a commensal human-adapted species that is able to overgrow and to cause symptoms under certain conditions, while B. pilosicoli could have greater pathogenic potential in humans. This discussion reveals the insufficiency of present diagnostic tools and the need for identification of the intestinal spirochetes in addition to visualization. In order not to miss a case of HIS, we designed a 16S rRNAtargeting probe specific for all members of the genus Brachyspira, which yielded a positive signal in all five cases. The positive FISH signals were obvious even at low magnification and could be easily detected. Furthermore, FISH permitted the detection and identification of microorganisms as spirochetes even if they were detached from the surface epithelium and altered in their morphology (Fig. 4) . Since FISH is simple, rapid, and inexpensive, it can easily be included in routine diagnostic procedures in addition to traditional histopathological techniques. In contrast to histology using light microscopy, FISH allows identification of intestinal spirochetes on a genus-specific, species-specific, and even intraspecies-specific level (17) . However, this requires a thorough inventory of the species involved. A challenging aspect of the diagnosis of HIS is the genetic heterogeneity of the intestinal spirochetes. The sequencing of the 16S rRNA gene revealed 99.8% and 100% homology with B. aalborgi for two cases (HIS1 and HIS2). In three cases, the sequences differed from those of previously published Brachyspira spp. and formed a distinct branch in the phylogenetic tree. Although the HIS3, HIS4, and HIS5 isolates were obtained from three different patients from two geographically distant German areas, they clustered together in the B. pilosicoli group, leading to the speculation that they might be epidemiologically and clinically relevant. These sequences, highly identical with the B. pilosicoli type strain, P43, in the first 800 nucleotides, showed distinct variations at the end of the 16S rRNA gene. This phenomenon demonstrates the importance of complete 16S rRNA gene sequencing to avoid underestimation of the variations and to enlarge the databases needed for critical evaluation and careful optimization of the present diagnostic techniques. Therefore, clinicians should consider sending samples from potential HIS patients to a specialized center for confirmation of the diagnosis, Brachyspira culture, and further molecular analysis.
In conclusion, intestinal spirochetes are genetically heterogeneous microorganisms with pathogenic potential that can be reliably visualized and identified by FISH. Since it is inexpensive and rapid, FISH can be included in routine diagnostic procedures. Furthermore, the use of this method can facilitate further epidemiological studies to determine the clinical significance of Brachyspira spp. and to investigate the extent of intraspecies genetic variation.
